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Textile-to-mortar bond behavior: An analytical study
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ABSTRACT

Reliable design and application of textile-reinforced mortar (TRM) composites for the repair of
existing masonry and concrete structures requires a fundamental understanding of the textile-to-
mortar bond behavior as one of the main mechanisms controlling their nonlinear response and
cracking behavior. It means suitable test setups and analytical models are needed to extract the
bond-slip laws from the experimental pull-out tests. This paper proposes a new bond-slip law and
analytical model, which predicts the bond behavior of lime and cement-based TRM composites
considering the slip hardening and softening effects observed in experimental tests. For this
purpose, the pull-out response of experimental specimens with different fiber types (steel and glass
fibers), bond lengths, and mortar age are analyzed, and their bond slip-laws are extracted. The
accuracy of the developed model is shown by comparing the analytical and experimental results.
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1 Introduction

Textile reinforced mortar (TRM), also referred as Fabric Reinforced Cementitious Matrix (FRCM)
in the literature, composites have received recent extensive attention for seismic strengthening of
existing masonry and concrete structures [1-3]. The TRM composites composed of continuous
fabrics embedded in an inorganic matrix (e.g., lime and cement) present several advantages
comparing to conventional fiber-reinforced polymers. These include better compatibility,
sustainability, breathability, and the capability of accommodating structural movements [4-6].
However, inorganic mortars do not have the same chemical compatibility with the reinforcement
fibers.

TRM composites show good mechanical properties and a pseudo ductile response, making them
suitable for seismic strengthening applications. This pseudo ductile response is owed to the fiber-
to-mortar bond behavior, which itself is a function of fabric and mortar chemical, physical, and
mechanical properties [7]. Understanding the fiber-to-mortar bond behavior and the affecting
parameters are, therefore, of critical importance for the design and application of high-performance
TRM composites. Despite this importance, most of the scientific attention has been given to the
structural response of TRM composites or the structural components strengthened with TRMs [8—
12]. Thus the existing literature on the fiber-to-mortar bond is very limited, especially with respect
to lime-based TRMs commonly used for application to masonry structures [13-15]. However, the
bond behavior of the short fiber and the cement-based matrix is available in the literature [16].
Consequently, several issues remain open regarding the characterization and modeling of this
mechanism in the lime and cement-based TRM composites.

Pull-out tests are the most commonly used experimental [17,18] setups to evaluate fiber-to-mortar

bond behavior. These tests allow measurement of the force-slip curves, which, with the support of
2
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analytical or numerical modeling approaches, can be used to extract suitable bond-slip laws
[18,19]. However, the results obtained from different test setups diverge due to the differences in
the boundary conditions introduced to the samples (which are poorly measured), which should be
taken into account to extract the bond-slip laws. Also, a range of analytical modeling approaches
for analysis of the pull-out test results and extraction of the bond-slip laws can be found in the
literature [20-22]. Depending on the analytical modeling approach used, the extracted bond-slip
laws obtained from the same pull-out tests can differ [18,19].

In a previous study, the authors developed an analytical model, based on Naaman et al. [20], for
extraction of the bond-slip laws of TRM composites under both pull-pull and pull-push test setup
configurations [18]. Although the accuracy of the previously proposed model to predicting pull-
out response was perfect at the linear and nonlinear stage [18], this model was not suitable for
predicting the slip hardening effect observed after the peak load in the tested TRM composites.
However, the post-pick behavior is essential in the pseudo ductile response, and modeling of this
stage will help to develop a comprehensive bond-slip law model. In addition, the proposed model
can predict the complete debonding point, which can be crucial at the designing stage of TRM
composites.

This paper proposes a new bond-slip law and analytical model, which predicts the pull-out curves
in the full experimental range of response. Bond-slip laws are extracted for two different TRM
composites and with different embedded lengths. The accuracy of the extracted bond-slip laws is
then shown by comparing the analytical pull-out curves with the experimental results.
Additionally, the sensitivity of the proposed model to the modulus of elasticity of the mortar at
different ages is examined. Finally, an attempt has been made to provide the bond strength by a

coefficient of mortar compressive strength at different mortar age.
3
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2 Experimental program

2.1 Materials under investigation and characterization tests

Materials consisted of two commercially available hydraulic lime-based mortars as the matrix.
These mortars are referred to as M1 and M2 throughout this paper. M1 mortar is a high-ductility
hydraulic lime mortar composed of hydraulic lime (NHL) and Eco-Pozzolan(Planitop HDM
Restauro), while M2 mortar is a pure natural NHL 3.5 lime and mineral geobinder base (Kerakoll
GeoCalce Fino). For details on the procedure followed for the preparation of the paste, the reader
is referred to [19]. The average compressive and flexural strengths (tests performed following
ASTM C109 [23] and EN 1015-11 [24], respectively) are experimentally obtained as 7.84 MPa
(coefficient of variation: CoV= 4%) and 5.56 MPa (CoV= 10%), respectively, for the M1 mortar,
and as 8.89 MPa (CoV= 5%) and 2.33 MPa (CoV= 9%), respectively, for the M2 mortar.

Elastic modulus of the M1 and M2 mortars are tested according to EN 12390-13 [25] and are equal
to 7182 MPa (CoV= 8%) and 9286 MPa (CoV= 6%), respectively, while these values reported by
the manufacturers are 8000 MPa and 9000 MPa.

The reinforcing materials are glass and steel fibers. The glass fiber is a woven biaxial fabric mesh
made of alkali-resistance fiberglass (Mapegrid G220). Its mesh size and area per unit length are
equal to 25x25 mm? and 35.27 mm?/ m, respectively. The steel fiber is a unidirectional ultra-high
tensile steel sheet (GeoSteel G600), with a density of 670 g/m?, an effective area of one cord (five
wires) equal to 0.538 mm?. Experimental direct tensile tests performed on five individual yarns
shows average tensile stress, Young's modulus, and rupture strain of 2972 MPa (CoV=8 %),

189.34 GPa (CoV= 8 %), and 0.0188 mm/mm (CoV= 9 %), respectively, for the steel fibers, and
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of 875MPa (CoV=13%), 65.94GPa (CoV=5%), and 0.0177 mm/mm (CoV=10 %),
respectively, for the glass fibers [19].
The mortar-fiber pairs correspond to the commercially available solution: glass fibers with M1

mortar and steel fibers with M2 mortar.

2.2 Pull-out specimens and test setup

The single-sided pull-out test setup developed in [18] is used in this study for studying the fiber-
to-mortar bond performance. The specimens consist of single fibers embedded in the cuboid disk-
shaped mortars with a cross-section of 125x16 mm?. The fiber-free length is embedded in an epoxy
resin block over a length of 200 mm and with a rectangular cross-sectional area of 10x16 mm?,
see Fig. 1. The specimens consist of steel cords are embedded in M2 mortar with embedded lengths
of 150 mm. The glass yarns are embedded in M1 mortar with a 50 mm bond length. These selected
embedded lengths are equal to the effective bond length of the steel and the glass fibers, as reported
in [19]. Also, for investigating the effect of bond length on the bond-slip law, the pull-out response
of a previous study conducted by authors is used [19], in which the steel-based TRMs were
embedded in M2 mortar in 50, 100, 150, and 200 mm bond length.

Moreover, for investigating the effect of elastic modulus at different mortar age on the textile-to-
mortar bond behavior, the experimental pull-out results presented in [14] are utilized. In that study
[14], the pull-out responses of the steel and the glass-based TRM embedded in M2 and M1 mortar,
respectively, were presented at 15, 30, 90, and 180 days. The bond length of steel-based TRM was
150 mm, while for the glass system was 50 mm.

The pull-out tests are carried out using a servo-hydraulic system with a maximum capacity of

25 kN and at a displacement rate of 1.0 mm/min. Two LVDTs, with a 20 mm range and 2-um
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sensibility, are used to measure the slip at the loaded end of the samples. One LVDT is also used
at the free end of the steel-based and glass-based samples with an embedded length of 150 mm

and 50 mm, respectively, see Fig. 1.

3 Pull-out mechanism and response

The experimental load-slip curves of pull-out tests, see Fig. 2, usually consist of a linear elastic
stage, section OA where the bond is perfect and elastic, and a progressive nonlinear debonding
stage, section AB, which continues until reaching the peak load (Pp). Finally, after point C, a
dynamic (or slippage) stage in which frictional bond is the only resisting mechanism at the
interface [13,26,27]. The transition from the progressive debonding stage to the dynamic stage can
either be smooth and upward or a sudden drop in the pull-out force if the frictional bond is smaller
than the adhesive bond [26,28,29]. The pull-out load corresponding to point C (in this case, Ps)
represents the total frictional force resisted by the system [13,30]. In the dynamic stage, a constant
(B=0.0), a slip hardening (B> 0.0), or a slip softening (p< 0.0) can be observed [29,31-35]. Slip
hardening occur when the frictional stress between the fiber and the mortar increase due to the
shape of fiber, embedded length, and the abrasion effect [21,32].

A range of analytical and numerical modeling approaches has been proposed and used in the
literature to simulate the pull-out response or extraction of the bond-slip laws from the
experimental pull-out curves. The shear lag models, such as the one proposed by Naaman et al.
[20,36], are among the most commonly used techniques as they provide a realistic explanation of
the debonding phenomenon by considering both adhesive and friction bond effects [37,38]. The
authors have used the model proposed by Naaman et al. [20] in a previous publication to extract

the bond-slip laws for the TRM systems tested under both pull-pull and pull-push test setup
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configurations [18]. However, this model was not suitable for predicting the slip hardening effect
observed after the peak load in the tested TRM composites (cases where > 0.0 in Fig. 2). To
resolve that problem, this paper presents a novel bond-slip law for lime-based TRMs (though the
proposed model can be used for the cement-based mortar), which allows predicting the full range
of the pull-out response of those composites. This shape of bond-slip law, which is proposed based
on Lin and Li [21] for the short fiber (at the range of 13 mm), is presented in Fig. 3. The analytical

solution to the pull-out problem is consequently modified and briefly described next.

3.1 Basic equations

The static equilibrium of the tests, as shown in Fig. 4, requires that the applied load at the loaded
end of the fiber, P, at any section, be equal to the sum of the local forces resisted by the fiber (F)
and the mortar (M). Therefore, in a pull-push configuration, one has F= -M. Meanwhile, the free-
body diagram of the embedded length of the textile in the mortar (Fig. 4) leads to:

T= 0 e 1)

where v and t are the perimeter of the yarn and the shear stress at the yarn-to-mortar interface,

respectively.

3.2 Bond-behavior in the elastic stage
Within the elastic stage, the local shear stress (7) is related to the local slip (S) and follows a linear

stress-slip relationship (Fig. 4):

where k is the bond shear modulus. As explained in [18], the mathematical formulation of the pull-

out response is calculated by a second-order differential equation derived based on two equations
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of equilibrium, an equation of compatibility, and Hooke's law. This differential equation is

expressed as follows:

d’F d’F
W_WKFQZO:W_}LZFZO ...................................................................... (3)
in which Q and A read:
=4xyQ,Q= SN (4)
Y, AfEf AmEm .........................................................................

A and E are the cross-sectional area and Young's modulus, respectively (the subscripts f and m
refer to the fiber and the mortar, respectively).

At each stage of the tests, the force at the free end is zero (Fx=0) =0), and at the loaded end is the
applied pull-out load (Fix=1)=P). Imposing these two boundary conditions to Eqg. (3) allows

obtaining the solution to the differential equation:

rzizi Pm =P—kxm ................................................. (5)
ydx dx| sinh(AL)) w sinh(AL)
At the boundary of the elastic stage, the pull-out load is (Fig. 3):
T,V tanh (AL
O 0

where, Perit is the critical force corresponding to the first debonding point occured at the loaded

end, and tmax is the bond (shear) strength. The slip at x= L is also equal to [18]:

r 1 QP
s_(tanh GO} s (M_)J s ——— (7

The slip corresponding to this critical force is obtained by imposing the value of Pcrit from Eq. (6)

into Eq. (7).
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3.3 Bond-behavior in the nonlinear stage

Once the applied load reaches the Prit, debonding at the loaded end initiates. The debonding length
(u) increases as the applied slip to the system increases [20]. Along this length, the interfacial shear
stress is equal to the frictional stress (the frictional shear strength, ¢, on the bond slip-law), while
the rest of the embedded length (L-u) is still perfectly bonded, as shown in Fig. 3. The total applied
force resisted by the yarn can be expressed as Po+ Pg, in which Py, and Pq are the bonded and
debonded force.

The corresponding load along the debonding length (u) is express as P¢= tryu. On the other hand,
applying the boundary conditions at the free end (Fx=o0) =0), and the loaded end (Fx= L-u) =P- Pq)
of the fiber to Eq. (3) allows obtaining shear stress at the nonlinear stage:

sinh (Ax)

F=( _wu)sinh(x(l_—u)) .......................................................................... (8)
__OF _ d l:(P—rf\pu)sinh(xx):l:(P—rfwu)kcosh(xx) o
ydx wdx| sinh(1(L-u)) wsinh (A (L))

The maximum shear stress and the pull-out force in the nonlinear stage at the bonded length, x= L-

uin Eq. (9), are equal to:

T = Wt(:‘; (T;("E )_t)) .................................................................................... (10)

P=Pb+Pd=%tanh(x(|_—u))+rfwu ....................................................... (11)
Furthermore, its corresponding slip at the nonlinear stage is:

s QuP-tyu)  Q(P-tyu)  Q(P-tyw) (12)

2 Atanh(A(L—u)) Asinh(x(L-u))
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3.4 Bond-behavior in the dynamic stage

Once the debonding has occurred along all the embedded length (u=L), the dynamic stage starts.
In this stage, with an increment of the rigid body displacement/slip of the yarn, v, the embedded
length decreases to L-v, which is under frictional stresses [20,39]. The pull-out force at this stage

can, therefore, be calculated as [20]:

The load obtained from Eq. (13) is reduced linearly by increasing the rigid body displacement of
the yarn (v). To model the slip hardening effect at this stage, a simple two-parameter
phenomenological model proposed by Lin and Li [21] is adopted (Fig. 3). By considering suitable
coefficients, it is possible to change the output of Eq. (13) from the linear curve to the nonlinear

curve and model the slip hardening effect as follow:

P:tf(L—nv)(lﬂ.’)L;nVJ\u ......................................................................... (14)

f
where n reflects the changes in the slope of the pull-out curve, B is the slip hardening coefficient,
and d is the yarn diameter. Both 1 and  need to be determined by curve fitting procedure to
achieve the best match with the experimental force-slip curves. In Eqg. (14), the n sign is the
opposite of the experimental load-slip curve slope, which means if the slope in the load-slip curve
is positive, the 1 sign is negative, and vice versa. The local force in the fiber at a distance x (from

zero and L-v) can, therefore, be calculated as:

F=rf(L—nV—X)(1+B$jw .............................................................. (15)

f

The total slip at the end of the fiber is defined as follow:

10
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Replacing Fx from Eqg. (15) into Eq. (16) gives the slip corresponding to the dynamic stage, Sayn,

as:

den—Qrf\u(L—v){L—nv—%deE{(L—nv)z+(L_3V)2—(L—nv)(L—v)H 17)

f

In a particular case, where no slip hardening is considered (= 0.0 and n =1.0), Eq. (17) will be

reduced to:

This equation, Eq. (18), is the same as proposed in Sueki et al. [39] and Mobasher [40] for
calculating the slip corresponding to the dynamic stage. Thus, the total slip in the dynamic stage
is [39,40]:

S S

+S Vs (19)

measured — “dyn nonlinear, last

where Srontinear, Iast 1S the last slip calculated in the nonlinear stage.

3.5 Pull-out simulation

The proposed analytical modeling can be used to extract the bond-slip laws and also to predict the
pull-out response. The data necessary to run the analytical modeling is the mechanical and the
geometric properties of the yarn and the mortar, as well as the experimental load-slip curves. The
modulus of elasticity of the M1 and M2 mortar are 8 GPa and 9 GPa (taken from the technical
datasheets), respectively. The modulus of elasticity for the glass and the steel fibers is equal to
65.94 GPa and 189.34 GPa (obtained from experimental tests), respectively. The steel and the

glass fibers cross-section area (Ar) are equal to 0.538 mm? and 0.882 mm?, respectively. The fiber
11
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perimeter and diameter are calculated from the cross-section area, assuming a circular cross-
section.

The cross-section area of the mortar around yarns (Am), which becomes active and participates in
the debonding process, is a critical parameter in the analytical results. Since this parameter cannot
be measured using conventional experimental testing methods, it is usually obtained based on a
parametric study and considering the convergence of the numerical solution [18]. Based on the
previous studies performed by the authors [18], it was found that the effective mortar area can be
considered as Am= a A= 55A¢ for the steel-based TRM. For the glass-based TRM, a is considered
as 7.5. These o values are derived by performing the try and error method. It means a primary
value for a is considered, and the model is run. If the accurate answer is obtained, the effective
mortar area will be accepted; otherwise, a new value will be considered for o.. The accurate answer
is obtained if the three following conditions will reach: i: solving the differential equations
presented in sections 3.2 and 3.3, ii: having the full debonding length less than embedded length
(u<L), iii: having slip corresponding to Tmax less than the relative slip of the fiber under conditions
of full debonding, So= QL2try/2. It should be mentioned that the considerable difference between
a values (55 and 7.5 for the steel and the glass fibers) is resulted from both the fiber properties (Es

and Ar) and the obtaining accurate answer process as mentioned above.

4 Results and discussion

4.1 Pull-out response in two TRM composites
Fig. 5 presents the experimental pull-out response envelope, obtained from four tested steel based-
TRM specimens, together with the analytical extracted bond-slip laws and analytical predicted

load-slip curves. The main parameters of the experimental pull-out curves and analytically
12
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extracted bond-slip laws are also presented in Table 1 and Table 2. For the development of the
analytical pull-out curves, the experimental pull-out curves of individual samples are initially used
to extract the bond-slip laws using the analytical model adopted in this study. These bond-slip laws
are then used for modeling the presented analytical pull-out curves.

The agreement between the experimental and analytical pull-out curves of the steel-based TRM is
clear (Fig. 5 and Fig. 6). The initial stiffness, post-peak slip hardening effect, and final deterioration
of the bond strength are all simulated with excellent accuracy. It can also be observed that the
proposed analytical model is suitably able to predict the slip at the free end of the samples (Fig.
6). The experimental results show that the dynamic stage initiates near the peak load, Fig. 6. This
observation is also predicted with perfect accuracy (an error of less than 1%) with the proposed
analytical model, see Table 2. This observation also shows that the dynamic stage initiation could
be assumed to occur at the peak load with reasonable accuracy and previously considered in the
literature [13,26,41]. The predicted load and slip (representative of the end of the nonlinear stage
and beginning of the dynamic stage), as well as the difference among the results of analytical and
experimental debonding loads, are presented in the last three columns of Table 2. It can be
observed that the analytical predictions of the debonding load have a good agreement with the
experimental results so that the average difference is equal to 0.1 % (see Table 2).

The envelope of the experimental load-slip curves of the glass-based TRM specimens is shown in
Fig. 7. The individual results obtained from each sample, together with the main extracted
information from the experimental results, are also presented in Table 3. A more considerable
variation in the experimental results is observed compared to the steel-based TRM results, which
may be attributed to the telescopic behavior of the glass fiber [42-44] and the abrasion effect

[21,35] by breaking down layer by layer of filaments. The drop in the force after the peak load
13
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(corresponding to the lower frictional resistance compared to the adhesive resistance in this
system) followed by a slip hardening behavior is also observed in this TRM system. Again, the
analytical predictions have a perfect agreement with the experimental results regarding both loaded
and free end slip predictions (Fig. 8). Here also, the complete debonding occurs near the peak load
(Fig. 8, Table 3). The results show that the debonding load is also predicted with outstanding
accuracy with an error of 0.2% (Table 4).

It is interesting that although the glass-based TRM specimens had a smaller embedded length, they
show a mean value of the slip hardening coefficient (3=0.0031) of about ten times that of the steel

fibers (Table 4 and Table 2).

4.2 Effect of embedded length in steel-based TRM

The proposed analytical model is used here to extract the bond-slip laws of the steel-based TRM
samples with different bond lengths presented in [14,19]. It should be noted that these samples
were tested at the 60-day curing ages and had embedded lengths of 50, 100, 150, and 200 mm. The
envelopes of the experimental results and the pull-out response details of individual samples are
presented in Fig. 9 and Table 5. The results indicate that by increasing the embedded length, the
peak load, and its corresponding slip increase, while the initial stiffness decreases, which is in line
with other studies [39,45].

The bond-slip laws are extracted from the individual samples and then averaged for each embedded
length (see Fig. 10 and Table 6). These bond-slip laws are then used for predicting the load-slip
curves following two different approaches (predicted load-slip curves are shown in Fig. 9, together
with experimental envelopes). (i) The average bond-slip law corresponding to each embedded

length is used to predict the load-slip curve of that embedded length. (ii) The average bond-slip
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law obtained from 150 mm embedded length samples (that is believed larger than the effective
embedded length [7,14]) is used for predicting the load-slip curves of all embedded lengths. This
second approach is followed to evaluate the accuracy of the hypothesis that the bond-slip laws
obtained from pull-out tests performed on samples with embedded lengths higher than the effective
bond length are sufficient for predicting the bond behavior in all other embedded lengths.

Table 6 reports the bond-slip laws for different bond lengths (approach i). Table 6 shows that by
increasing the embedded length, the frictional shear strength (tf) and the bond shear modulus (slope
of the linear part, ) decrease. Meanwhile, the slip hardening coefficient (8) and the bond strength
(tmax) increase. Specimens with 200 mm bond length show a decrement of bond strength owing to
their different pull-out responses at the debonding point. A comparison among the load-slip curves
of experimental results shows the intensity of the load drop in 200 mm bond length is the least,
which means the debonding force is slightly higher than the frictional resistance after debonding
[46]. This hypothesis can be supported by investigating the strain distribution along the steel fibers,
as shown in Fig. 11. From Fig. 11, the maximum strain of fiber with 200 mm bond length at the
end of the linear and nonlinear stages is 0.206 % and 0.223 %, respectively. While for other bond
lengths, it is between 0.255 and 0.3 %. Furthermore, Yamao et al. [47] reported that the bond
stress-slip relationships in the short and long bond length are significantly different [48]. It can be
deduced that the bond in the specimens with 200 mm embedded length is governed more by the
friction stress rather than the bond strength.

The predictions of the pull-out curves when using the bond-slip laws from 150 mm embedded
length are also in excellent agreement with the experimental results in most regions of the pull-out

curves (the predictions are only slightly higher in 200 mm embedded length).
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4.3 Effect of mortar age

The proposed analytical model is also utilized to extract the bond-slip laws and the analytical load-
slip curves of the steel and the glass-based TRM samples at different mortar age. The experimental
envelope curves and the pull-out response details of individual samples are presented in Fig. 12,
Fig. 13, and Table 7. The results show that by increasing the mortar age, the bond parameters of
glass-based TRM increase, while for the steel-based, the bond properties increase firstly, and after
30 days, decreases [14].

For obtaining the bond-slip laws, firstly, the elastic modulus of mortars at each age is calculated

based on their compressive strength (f'c):

Since the elastic modulus of the mortars is tested only at 90 days, & is obtained at this age, and then
it is used for calculating Em r. at different ages. Table 8 shows both f'c and Em, ¢ of the M1 and M2
mortars at different mortar ages. The bond-slip laws extracted from the average of the experimental
load-slip curves are presented in Fig. 14, and the bond-slip law parameters for individual
specimens are presented in

Table 9 and Table 10. These bond-slip laws are then used for predicting the load-slip curves, as
shown in Fig. 12, Fig. 13.

The results of steel-based TRM illustrate that the bond strength (tmax), the frictional stress (tf), and
the bond modulus (k) increase until 30 days, and after this point, these parameters decrease, which
are in line with the compressive strength of M2 mortar (see Table 8 and

Table 9). However, the slip hardening () increases until 30 days and remains approximately

constant after this point. On the other hand, the tmax, k, and B of the glass-based TRM show an
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increasing trend until 90 days, and then these parameters decrease dramatically. However, tf shows
a different trend by increasing until 180 days, as shown in Table 10. Furthermore, a comparison
of a ratio of the bond strength (tmax) t0 the frictional stress (tf) shows that this ratio increases by
increasing the age of M2 mortar. In contrast, glass-based TRM shows the opposite behavior.
Table 11 compares the effect of mortar elastic modulus on the bond strength and the frictional
stress at different mortar ages, which are the average of individual specimens. It can be observed
that tmax and tr of the steel-based TRM obtained with Em . is around 3.02~5.05 MPa and
1.34~1.69 MPa representing a 2~16% and 1~2% error to the bond parameters obtained by Em, m
(see Table 11). However, tmax and tf of the glass-based TRM shows 37~66% and 22~51% error,
respectively.

One possibility way for the initial estimation of the bond strength is to use the compressive strength
of the matrix [49]. Fig. 15 displays the changes in the bond strength ratio (tmax) to the mortar
compressive strength (f'¢) at the different mortar ages. The mean value of tmax/ f'c Of the steel-based
TRM varies between 0.34 and 0.54, with an average of 0.43 (CoV= 15%). While for the glass-
based TRM is between 0.28 and 0.81 with an average of 0.47 (CoV= 39%). Although the results
scatter is large, given that the lime-based mortar strength changes with age (unlike cement showing

almost constant resistance after 28 days), these results can be used as a preliminary estimate.

5 Conclusions

Aiming at better predicting the pull-out test results, a new bond-slip law was proposed in this
paper. The proposed bond-slip law was implemented in a shear lag analytical model for simulation

of the pull-out response. The solution to the analytical model was also modified for better

17
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consideration of the pull-out response in the dynamic stage. The following conclusions can be

drawn from the presented study:

18

The proposed bond-slip law and analytical solution can predict the pull-out response of a
range of TRM composites considering the slip hardening and softening effect observed in
the experimental results.

The experimental results showed that in both glass- and steel-based TRMs (studied here),
full debonding (corresponding to the initiation of the dynamic stage in the bond behavior)
occurs near the peak load. This information is vital for the solution of the differential
equations used for the extraction of the bond-slip laws when free-end measurements are
not available. This observation proves the hypothesis that the dynamic stage starts when
the embedded length completely debonded (u=L).

It was also observed that the bond-slip laws extracted from pull-out tests performed on
samples with embedded lengths higher than the effective embedded length (in this case
150 mm embedded length for the steel-based TRM) can be directly used for prediction of
the bond behavior in samples with other embedded lengths. This observation is essential
as it provides a base for designing test programs to evaluate the bond-slip laws in TRM
composites.

The results showed that though the mortar elastic modulus did not affect the bond-slip law
of steel-based TRM, it caused the bond-slip law parameters of the glass-based TRM to
change. Besides, using mechanical properties of mortar (such as compressive strength) can
be useful only for estimating the bond strength, especially when using lime-based mortar.
This study was performed at the micro-level to understand the behavior of TRM/ FRCM

composites. It is the beginning step for investigating TRM behavior at the structural level
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and the real service conditions by strengthening the existing masonry and concrete
structures.
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Table 1. Pull-out response parameters for steel-based TRMs (embedded length of 150 mm).

Specimen Slip corresponding to peak | Peak load Initial stiffness Debonding slip | Debonding load
load [mm] [N] [N/mm] [mm] [N]
1 0.80 634.8 1210.8 0.80 634.8
2 0.80 802.5 1339.9 0.80 802.5
3 0.85 766.0 1455.6 0.75 729.3
4 0.81 759.0 1103.3 0.81 759.0
Average 0.81 740.6 12774 0.79 731.4
CoV (%) (©) ©9) (10) @) (8)

Table 2. Analytical bond-slip laws and predicted debonding load/slip for steel-based TRM (embedded length of

150 mm).
Specimen | fma Tf K B Debonding slip Debonding Error in debonding
P [MPa] | [MPa] | [MPa/mm] [mm] load [N] load prediction [%]
1 2.55 1.17 3.83 0.0003 0.74 626.5 1.3
2 3.51 151 6.05 0.0003 0.94 795.1 0.9
3 3.47 1.55 7.88 0.0003 0.87 761.4 -4.4
4 2.67 1.44 1.97 0.0003 0.85 745.8 1.7
Average | 3.05 1.42 4.93 0.0003 0.85 732.2 01
CoV (%) | (15) | (10) (45) ) 8 ) '
Table 3. Pull-out response parameters for glass-based TRMs (embedded length of 50 mm).
Specimen Slip corresponding to peak | Peak load Initial stiffness Debonding slip | Debonding load
P load [mm] IN] [N/mm] [mm] [N]
1 0.32 274.0 4015.4 0.32 274.0
2 0.34 218.3 2954.4 0.34 218.3
3 0.14 202.2 1639.3 0.14 202.2
4 0.28 273.0 2028.2 0.28 273.0
5 0.33 237.9 4166.3 0.33 237.9
Average 0.28 241.1 2659.3 0.28 241.1
CoV (%) (26) (12) (34) (26) (12

Table 4. Analytical bond-slip laws and predicted debonding load/slip for glass-based TRM (embedded length of

50 mm).
Specimen Tmax g% K B Debonding slip Debonding Error in d_eb_onding
[MPa] | [MPa] | [MPa/mm] [mm] load [N] load prediction [%]
1 6.61 1.03 174.36 0.0017 0.32 273.6 0.1
2 3.94 | 0.87 92.86 0.0044 0.25 218.2 0.0
3 2.38 0.76 22.48 0.0032 0.23 202.2 0.0
4 4.19 0.78 41.66 0.0031 0.36 272.6 0.1
5 4.86 1.08 187.79 0.0053 0.26 236.7 0.5
Average 4.4 0.90 103.83 0.0035 0.28 240.7 02
CoV (%) | (31 (14 (65) (34 17 (12) '

23
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Table 5. Pull-out response parameters for steel-based TRMs with different embedded lengths [19].*
Bond length | Slip corresponding to peak load | Peak load | Initial stiffness
[mm] [mm] [N] [N/mm]
50 0.23(16) 406.8 (15) 3320.6 (1)
100 0.52 (7) 696.1 (5) 2940.5 (11)
150 1.08 (15) 992.5(8) 2993.9 (16)
200 1.34 (6) 995.7 (2) 2424.3 (12)

* CoVs (%) presented in parentheses

Table 6. Bond-slip law parameters for the steel-based TRM with different embedded lengths.

Bond length . Tmax T K
[mm]g Specimen | ryipat | (MPa] | [MPa/mm] | P
1 3.58 2.07 16.57 0.0001
50 2 4.55 3.10 21.11 0.0001
Average | 4.07 2.59 18.84 0.0001
CoV (%) | (12) (20) (12) (0)
1 6.10 2.08 57.46 0.0002
2 3.97 2.31 34.84 0.0002
100 3 4.55 2.56 33.90 0.0002
Average | 4.87 2.32 42.07 0.0002
Cov(%) | (18) | (8) (26) (0)
1 4.85 1.87 35.03 0.0003
2 6.26 2.29 31.42 0.0003
150 3 6.18 2.10 69.84 0.0003
4 6.85 2.29 53.35 0.0003
Average | 6.04 2.14 47.41 0.0003
Cov(%) | (12) | (8) (32) (0)
1 3.76 1.69 25.17 0.0004
2 3.25 1.79 42.23 0.0008
200 3 3.53 1.79 25.45 0.0003
Average | 3.51 1.76 30.95 0.0005
CoV (%) | (6) @) (26) (43)

Table 7. Pull-out response parameters for steel and glass-based TRMs at different mortar age [14].*

Age Slip corresponding to peak Peak Initial
Fiber and mortar [days] load load stiffness
[mm] [N] [N/mm]
15 0.8 (19) 720 (7) 2410 (43)
Steel fiber (150 mm embedded length) and 30 0.9 (11) 871 (11) 2147 (33)
mortar M2 90 0.8 (3) 740 (10) 1289 (17)
180 0.9 (19) 730 (19) 1520 (31)
15 2.6 (14) 284 (12) 482 (17)
Glass fiber (50 mm embedded length) and 30 1.9 (36) 250 (35) 639 (31)
mortar M1 90 2.3 (15) 378 (18) 856 (24)
180 2.3(31) 390 (14) 781 (20)

© o

* CoVs (%) presented in parentheses
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* CoVs (%) presented in parentheses, f'c: mortar compressive strength reported at [14], Em, ¢.: Elastic modulus of the

Table 9. Bond-slip law parameters for the steel-based TRM at different mortar age (embedded length of 150 mm).

25

Table 8. Compressive strength and elastic modulus of M1 and M2 mortar.*

- Age [days] 15 30 90 180
F. [MPa] 5.91 (8) 7.07 (9) 7.84 (4) 7.46 (10)

Mortar M1 =2 = “r\ipa] 6233 6821 7182 7006
F. [MPa] 8.76 (7) 9.53 (10) 8.89 (5) 7.48 (9)

Mortar M2 =2 " “r\ipa] 9215 9610 9286 8515

mortars calculated with f'c.

Age . Tmax T K
[dgy] Specimen | ryioa | mea] | (MPa/mm] | P
1 3.63 1.44 8.89 0.0001
2 3.97 1.29 21.73 0.0001
15 3 5.06 1.39 28.47 0.0001
4 3.17 1.24 11.13 0.0001
Average | 3.96 1.34 17.56 0.0001
Cov (%) | (18) | (6) (45) ()
1 4.10 1.83 13.58 0.0002
2 3.27 1.55 10.56 0.0004
30 3 5.99 1.70 21.76 0.0004
4 6.83 1.69 40.36 0.0005
Average | 5.05 1.69 21.56 0.0004
CoV (%) | (28) (6) (54) (29)
1 2.53 1.17 3.69 0.0003
2 3.49 1.51 5.90 0.0003
90 3 3.44 1.55 7.71 0.0003
4 2.64 1.44 1.83 0.0003
Average | 3.02 1.42 4.78 0.0003
CoV (%) | (15 (10) (46) (0)
1 3.43 1.78 8.51 0.0006
2 2.63 1.53 2.63 0.0003
180 3 1.98 1.11 4.22 0.0006
4 4.13 1.60 11.85 0.0003
Average | 3.04 151 6.80 0.0005
CoV (%) | (27) (16) (53) (33)




2 Table 10. Bond-slip law parameters for the glass-based TRM at different mortar age (embedded length of 50 mm).

Age . Tmax Tf K
[dgy] Specimen | ryioa | mea] | (MPa/mm] | P
1 2.93 0.93 6.13 0.0170
2 1.97 0.85 6.11 0.0130
15 3 2.76 0.98 8.30 0.0120
4 1.73 0.75 7.34 0.0085
Average | 2.35 0.88 6.97 0.0126
CoV (%) | (22) (10) (13) (24)
1 5.54 0.58 14.46 0.0490
2 2.46 0.85 10.59 0.0030
30 3 2.74 0.52 35.53 0.0150
4 3.19 0.54 17.95 0.0200
Average | 3.48 0.62 19.63 0.0218
CoV (%) | (35) (21) (49) (78)
1 5.03 1.18 17.14 0.0280
2 4.59 0.55 14.20 0.0370
90 3 9.45 0.60 37.64 0.0630
4 8.85 0.44 42.06 0.0650
Average | 6.98 0.69 27.76 0.0483
CoV (%) | (3D (41) (44) (33)
1 3.57 1.22 7.51 0.0080
2 2.42 1.06 23.50 0.0020
180 3 3.49 1.41 16.42 0.0076
4 2.73 1.28 20.18 0.0160
Average | 3.05 1.24 16.90 0.0084
CoV (%) | (16) (10) (35) (59)
3
4 Table 11. Effect of mortar Elastic Modulus on the bond strength and friction stress.
Tmax Tf
[Mpa] [Mpa]
Age
TRM system [ dagys]

Em,m Em, fic Em, m/ Em, fic Em,m Em,t’c Em, m/ Em, fic

15 3.90 | 3.96 0.98 135 | 1.34 1.01
Steel based 30 4.22 | 5.05 0.84 1.71 | 1.69 1.01

(150 mm embedded length) 90 2.97 | 3.02 0.98 143 | 1.42 1.01
180 | 2.78 | 3.04 0.91 154 | 151 1.02
15 147 | 2.35 0.63 1.15 | 0.88 1.31
Glass based 30 3.53 | 3.48 1.01 0.64 | 0.62 1.03

(50 mm embedded length) 90 4.37 | 6.98 0.63 1.04 | 0.69 1.51
180 | 5.08 | 3.05 1.66 0.97 | 1.24 0.78
5 Em, m: mortar Elastic Modulus provided by manufactory, Em, r.: Elastic modulus of the mortars calculated with f'c.
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Fig. 1. Pull-out details: (a) and (b) specimens configuration; (c) test setup
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end slip curves (c) load-time vs. slip-time curves (A.M. stands for Analytical Modeling).
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Fig. 9. The pull-out response of the steel-based TRM at 60 days: (a) 50 mm; (b) 200 mm; (c)
150 mm; (d) 200 mm bond length (A.M. stands for Analytical Modeling).
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Fig. 10. The bond slip-law of the steel-based TRM at 60 days and in (a) 50 mm; (b) 100 mm; (c)
150 mm; (d) 200 mm bond length.
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end of the linear stage; (b) at the nonlinear stage (ln: bond length).
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Fig. 12. The experimental and analytical pull-out response of the steel-based TRM at different
mortar age: (a) 15-day; (b) 30-day; (c) 90-day; (d) 180-day ages.
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Fig. 13. The experimental and analytical pull-out response of the glass-based TRM at different
mortar age: (a) 15-day; (b) 30-day; (c) 90-day; (d) 180-day ages.
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Fig. 15. Changes in the bond strength to mortar compressive strength (tmax/ f'c) at different
mortar age: (a) steel-based TRM and mortar M2; (b) glass-based TRM and mortar M1.




